We investigate the performance of optical equalization of distortions induced by polarization mode dispersion (PMD) in 112 Gbit/s metro networks using FIR filters. The PMD-induced mean OSNR penalties are reduced to < 0.1 dB.
Introduction
In the last few years, the data traffic volume transported over the Internet has increased exponentially due to the emergence of new services. The data traffic volume doubles approximately every 18 months [1] . This has led to the design and (recently) application of 100 Gbit/s router interfaces. Adaptation of metro networks for the capability to transport data streams with these bit rates has to be performed in a cost-efficient manner. Thus, application of simple direct detection modulation formats without the usage of digital signal processing (DSP) would be a very attractive alternative to more complex modulation formats and coherent detection. These formats are used in the long-haul and ultra long-haul regime due to a sharper constraint of the maximum channel spacing. At bitrates of 112 Gbit/s and beyond, the distortion effect of polarization mode dispersion (PMD) is more severe. Without mitigation, significant penalties of several dB can occur. In this contribution we focus on optical finite impulse response (FIR) equalizers for a mitigation of all-order PMD effects. The equalizers can be realized as planar lightwave circuit devices (PLC) which are composed of SiON [2] . They can also be used to equalize group delay ripples (GDR) due to deviations from an ideal dispersion compensation scheme as has been shown in [3] . In contrast to electrical equalization, which has been intensively studied [4] , optical equalization has received comparatively little attention [5] . We have carried out extensive numerical simulations to compare two alternative strategies to realize an optical PMD equalizer and we found that the occurring maximum and mean penalties can be significantly reduced, when optical equalization is implemented. We also outline how the adaptation process for the filter coefficients can be realized. 
Optical Equalizer Structure and Determination of Equalizer Coefficients
The transversal FIR filter functional diagram is depicted in Fig 1. (left). In order to mitigate PMD-related distortions, a very simple approach would be to implement two parallel filter structures: Each equalizer structure has its own set of coefficients and can be adjusted independently while the input and output signals are split and, respectively, combined using a polarization beam splitter (PBS) [5] . In this contribution we also implemented a socalled "butterfly" structure as depicted in Fig. 1 (right) consisting of four FIR equalizer subsets which can be adjusted independently from each other. In a system with direct detection, the conventional approach of using (e.g.) the constant modulus algorithm (CMA) and/or a decision-directed algorithm [4] cannot be used since the complex signal and thus the phase information is not known at the receiver. However, the tap coefficients can be found using a numerical optimizer. Previous studies [3, 6] have shown, that using a training sequence (512 bits) to guide the numerical optimizer to a solution for the set of tap coefficients achieves very good results. In this case, the least mean squares error which is composed of the difference of the detected signal power and the known training sequence is used as a feedback criterion. In our studies, we have used a MATLAB TM implementation of the trust region algorithm and a Levenberg-Marquardt (LM) algorithm to solve the (nonlinear) optimization problem.
Simulation Setup
For the simulation of our optical transmission system we used the setup depicted in Fig. 2 . We used the duobinary modulation format in combination with a photo diode receiver (direct detection) at a bit rate of 112 Gbit/s. An allorder PMD emulator was implemented based on a concatenation of 100 birefringent elements (wave plates) with a random orientation for each element and a fixed mean DGD of 1ps, resulting in an expectation value of 9.2 ps for the DGD of the concatenation. The receiver structure is comprised of a 2 nd order optical Gaussian filter, a pin diode, an electrical 5 th order Bessel filter and a BER tester. The observable is the OSNR penalty for a required OSNR at a BER of 10 -3 in comparison to the undistorted signal. For all our simulations we had a total of 7 to 11 equalizer ("tap") coefficients and a variable tap spacing ranging from 1 to 4 taps per bit duration. 
Results
We computed 5,000 realizations of a system with 100 birefringent elements and an all-order PMD emulator. Fig. 3 compares the PDFs of the OSNR penalties for the parallel and the butterfly filter structures. Without equalization, large system penalties occur frequently. If the receiver was not able to detect an eye opening, a generic penalty of 11dB has been assigned. The parallel equalizer shows moderate improvement in signal quality while the optical butterfly equalizer in combination with the LM optimizer was able to achieve a convergence rate of 100% and has shown a maximum OSNR penalty of 1.24 dB. For a comparison we have also included the results of a simple random walk (RW) algorithm [3, 6] as an optimizer. The best results could be achieved using the FIR equalizer with 11 taps, 2 taps per bit and the LM optimization routine. The mean OSNR penalty could be reduced from 3.22 dB to 0.06 dB, almost completely mitigating the all-order PMD distortions.
Conclusion
Distortions due to all-order PMD in 112 Gbit/s metro networks with duobinary modulation and direct detection can cause large penalties of several dB when no mitigation is performed. We have shown that optical equalizers utilizing FIR filter structures can be used to significantly reduce the occurring system penalties by using numerical optimization routines. The residual mean OSNR penalty could be reduced to less than 0.1 dB. Optical FIR filters realized on SiON chips potentially enable a cost-efficient realization of 100 Gbit/s metro networks.
